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Abstract

Transcription activator-like effectors (TALESs) recognize DNA through repeat-variable diresidues (RVDs), and
TALE-DNA interactions are sensitive to DNA modifications. Our previous study deciphered the recognition of
5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC) by TALEs. Here, we report seven crystal
structures of TALE-DNA complexes. The 5mC-specific RVD HA recognizes 5mC through van der Waals
interactions and exhibits highly similar loop conformation to natural RVDs. The degenerate RVD RG contacts
5mC and 5hmC via van der Waals interactions as well; however, its loop conformation differs significantly. The
loop conformations of universal RVD R* and 5hmC-specific RVD Q* are similar to that of RG, while the
interactions of R* with C/5mC/5hmC and Q* with 5hmC are mediated by waters. Together, our findings
illustrate the molecular basis for the specific recognition of 5mC and 5hmC by multiple noncanonical TALEs
and provide insights into the plasticity of the TALE RVD loops.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Transcription activator-like effectors (TALEs) are
virulence factors secreted by pathogenic bacteria
Xanthomonas, which act within various plant spe-
cies by binding to promoter sequences and activat-
ing the expression of individual plant genes to
support bacterial infection [1—3]. The specificity of
TAL effectors is determined by a modular DNA-
binding domain composed of a variable number of
tandem repeats, with each repeat recognizing one
specific DNA base pair. Remarkably, each repeat is
comprised of 33—35 (typically 34) highly conserved
amino acids, with the exception of two hypervari-
able residues called repeat-variable diresidues
(RVDs) at positions 12 and 13 [4,5]. Experimental
and computational approaches have partially dec-

iphered the code of DNA recognition by RVDs. The
four most frequently used RVDs, NI, NG, HD, and
NN, were found to preferentially bind to A, T, C, and
G/A, respectively [1,4]. The complete RVD-DNA
recognition code has also been deciphered via
screening of all possible RVD combinations [6,7].
The modular architecture of the TALE repeats
provides multiple programmable tools for genome
manipulation by TALEs fused with functional
domains, such as transcription activators, repres-
sors, or nucleotide endonucleases, to create
transcriptional modulators and gene editing tools
(TALEN) [8—11]. Although CRISPR-Cas9 is cur-
rently the most widely used genetic manipulation
tool, TALE-based technologies have their unique
applications. For instance, CRISPR-Cas9 poses a
challenge for mitochondrial DNA (mtDNA) use, as it
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is difficult to import the guide RNA component into
mitochondria [12]. However, mitochondria-targeted
TALEN (mito-TALENS) are successfully used to
selectively eliminate mitochondrial pathogenic
mutations, making it an effective therapy for
human mitochondrial diseases caused by muta-
tions in miDNA, such as Leber's hereditary optic
neuropathy, ataxia, neurogenic muscle weakness,
and retinitis pigmentosa [13—15].

Crystal structures of TALE-DNA complexes demon-
strate that TALEs form a right-handed superhelical
assembly and wrap around the DNA major groove
[16,17]. All of the repeats in the TALE-DNA complexes
exhibit nearly identical conformations. The first RVD
residue (His or Asn) does not directly interact with the
nucleobase, but its side chain engages in a hydrogen
bond (H bond) with the carbonyl oxygen of the
conserved Ala8 to stabilize the proper loop conforma-
tion [16,17]. The second residue makes a direct base-
specific contact with the DNA sense strand, suggest-
ing that the TALE-DNA interaction is sensitive to DNA
chemical modifications.

Besides the four canonical nucleotides A, T, G
and C, methylated cytosine represents the “fifth
base” of mammalian genomes, which constitutes
~1% of all DNA bases and primarily occurs
symmetrically in the context of CpG dinucleotides
[18,19]. In mammalian genomes, approximately
70—80% of CpGs are methylated [20]. As an
important epigenetic marker, 5mC regulates
diverse biological processes, including X chromo-
some inactivation, gene expression and silencing,
maintenance of genome stability, and genomic
imprinting [21,22]. 5mC can be sequentially oxi-
dized to 5-hydroxymethylcytosine (5hmC) by ten-
eleven translocation (TET) family proteins [23,24].
The levels of 5hmC are highly variable in different
tissues (~1%—10% of 5mC) [25,26]; neuronal
tissues contain the highest levels of 5hmC, some
somatic tissues such as the kidney and heart exhibit
moderate levels of 5hmC, and DNA from the spleen
and endocrine glands possesses the lowest
amounts of 5hmC [25]. In mammalian genomes,
5hmC is particularly enriched in promoters and
gene bodies of actively transcribed genes [27,28].
Given its tissue-specific and genome-wide distribu-
tion, several studies have found that 5hmC is a
stable epigenetic modification, and dysregulation of
5hmC is frequently observed in cancers [29—32].

Unlike CRISPR-cas9thatis base-pairing dependent
and hence modification insensitive, TALE-DNA inter-
actions are sensitive to DNA modifications and
provide unique opportunity for novel applications. For
instance, this sensitivity can be used to detect modified
bases. The RVDs NG and N* (the asterisk represents
the deletion of the second amino acid of the RVD),
which can tolerate 5mC, are used to overcome the
genome manipulation sensitivity in vivo [33—36] and to
detect 5mC in synthesized oligonucleotide sequences

with a high resolution in vitro [37,38]. Compared to the
widely used 5mC—antibody-based methylated DNA
immunoprecipitation (MeDIP), TALE-based analysis
of 5mC exhibits higher resolution and sensitivity and
strand-specificity [39]. Engineered TALEs that com-
bine NG, N*, and HD are used as DNA binding
receptors to directly distinguish C, 5mC, and 5hmC in
defined DNA sequences [40]. Furthermore, studies
revealed that some size-reduced RVD loops (G*, S*,
and T*) bind to C, 5mC, and 5hmC with similar
affinities, indicating further applications of TALE-
based tools [39,41]. In a previous study, we deci-
phered the recognition of 5mC and 5hmC by TALEs
[42], identified the novel 5mC-specific RVD HA (the
binding affinity to 5mC is about twofold of that to C and
5hmC) and 5hmC-specific RVDs Q* (the binding
affinity to 5hmC is about twofold of that to C and
5mC) (Fig. S2a), the degenerate RVD RG that
recognizes both 5mC and 5hmC, and the universal
RVD R* that recognizes unmodified C, 5mC, and
5hmC. Utilizing these novel RVDs, we performed
methylation-dependent gene activation, genome edit-
ing, and locus-specific 5hmC detection. Here, we
report a total of seven structures of TALE-DNA
complexes and elucidate the molecular basis of
recognition of 5mC and 5hmC by noncanonical
TALE RVDs (HA, RG, R*, and Q). Our study also
gives insights into the plasticity of the TALE RVD
loops.

Results

The overall structures of the TALE-DNA com-
plexes

We solved the crystal structures of noncanonical
TALEs in complex with modified DNA. TALE
proteins containing residues corresponding to posi-
tions 231—720 of the 11.5 repeats TAL effector
dHax3 [43] were crystallized in complex with a 17-
base pair (bp), chemically synthesized target DNA
oligonucleotide, which was modified from dHax3-
mCG, as reported previously [35]. A -CGCG-
sequence was included, and the first C opposite
the RVD of repeat 6 was also synthesized as 5mC
and 5hmC (Fig. 1a and b, S1a and b).

We obtained the structures of the TALE-DNA
complex, including specific RVDs HA opposite 5mC
and Q* opposite 5hmC (designated HA-5mC and
Q*-5hmC), degenerate RVD RG opposite 5mC and
5hmC (designated RG-5mC and RG-5hmC), and
universal RVD R* opposite C, 5mC, and 5hmC
(designated R*-C, R*-5mC, and R*-5hmC). Of these
structures, there are two complexes in each asym-
metric unit of HA-56mC, R*-C, and R*-5mC, and four
complexes in each asymmetric unit of RG-5mC, RG-
5hmC, R*-5hmC, and Q*-5hmC, and all the
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individual TALE-DNA complexes are nearly identical
(Figs. S2b—d). As previously reported, the overall
structures of all monomer complexes in these
crystals described earlier are nearly identical [16]
and are arranged in a consecutive, right-handed,
superhelical assembly. The superhelical TALE
structures wrap around the major groove of the
DNA double helix, which is in a relatively unper-
turbed B-form (Fig. 1c). Each 34—amino acid repeat
comprises two helices connected by an RVD loop,
which extends into the DNA major groove and forms
direct contact with the corresponding DNA base in
the sense strand. All repeats exhibit an almost
identical conformation, with root mean square
deviations (RMSDs) of 0.19—0.29 A over all 34 C,

atoms, except for those containing RVD RGO, R*, and
Q*, with an RMSD of approximately 1.15 A among
HA and RG, R*, or Q* over the three C, atoms of
residues 12—14. The loop conformations of RG, R*,
and Q* differ significantly from those of HA and other
previously reported canonical RVDs whose first
residue is either His or Asn. Their specific distinc-
tions and the resulting effects on specific recognition
by TALEs are discussed further.

RVD HA specifically contacts 5mC through van
der Waals interactions

The TALE protein with RVD HA in repeat 6 was
crystallized with DNA duplex containing 5mC

(a) NH, NH, NH,
I SN | <N HO | IN
' |
DNA DLIA DNA
c 5mC 5hmC
(b) . . .
DNA binding domain
1 2 3456 7 8 91011115
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N# TIZ| | Z|= ZIZIZIZ —c | XX:HA RG,R*Q

5—TG(I CCCTTNGCGTCT)CT—3 [N:C.5mC, 5hmC |

Fig. 1. The overall structures of the TALE-DNA complexes. (a) Chemical structures of C, 5mC, and 5hmC. (b) The
sense strand of the DNA oligonucleotides and the corresponding TAL effectors (TALESs) used for crystallization. There are
11.5 repeats included in the TALEs, and the RVD of repeat 6 was mutated to HA, RG, R*, or Q*. TALEs were crystallized in
complex with a 17-base pair, chemically synthesized target DNA oligonucleotides. The target DNA contained a -CGCG-
sequence in the sense strand, and the first C opposite repeat 6 was synthesized as C, 5mC, or 5hmC. The structures are
named by the RVD in repeat 6 of the TALE and the corresponding modified or unmodified C in the DNA sense strand. For
example, the crystal structure of RVD HA in complex with 5mC is designated HA-5mC. (c) Overall structure of TALEs
bound to DNA. The 11.5 repeats form a right-handed, superhelical structure that wraps around the DNA major groove. The
11.5 repeats are shown in green except that the repeat 6 is shown in slate, the flanking N- and C-terminals are shown in

gray.
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opposite HA (designated as HA-5mC). The final
crystal structure was refined to a resolution of 2.48 A,
with two uniform complexes included (Fig. S2b,
Table S1). The electron density is well defined from
repeat 1 through repeat 11 (Fig. 2a).

All of the repeats in the HA-5mC structure form
highly similar two-helix bundles, with RMSDs of
0.19-0.29 A overall 34 C, atoms (Fig. 2b). The
structures demonstrate that the first residue of
natural RVDs, either His or Asn, does not directly
interact with DNA, while its side chain conformation
is invariant and makes a direct hydrogen bond to the
carbonyl oxygen atom of the conserved Ala8,
thereby constraining the RVD loop. However, for
HA opposite 5mC, while the HA loop backbone
conformation remains unchanged compared with
canonical RVDs, the side chain of His12 extends
slightly deeper into DNA major groove, forming an
alternative H bond between His12 and Ser11 of the
next repeat (Fig. 2c¢). Previously reported NG-5mC
also exhibits H-bond interactions with Ser11 [35,41].

Repeat 6

Repeat 7

These TALE-DNA complexes demonstrate that
Ser11 is an excellent alternative to Ala8, as both
interact with His12 or Asn12 to maintain a normal
RVD loop conformation.

The recognition of 5mC by HA is similar to that of
NG, as previously reported [35]. In HA-5mC, His12
stabilizes the RVD loop, and the short side chain of
Ala13 not only provides sufficient space to accom-
modate the 5-methyl group of 5mC but also allows
for optimal nonpolar van der Waals interactions
between the side chain methyl group of Ala13 and
the 5-methyl group of 5mC. The distance between
these two groups is 3.35 A (Fig. 2¢ and d). However,
the distance may be too large for an unmodified
cytosine (C) to make van der Waals interaction with
the Ala13 side chain due to the lack of 5-methyl
group, while the 5-hydroxymethyl group of 5hmC is
relatively bulky and likely to introduce steric clash
with the side chain of Ala13. Thus, our result can
explain the specificity of HA for 5mC rather than C or
5hmC.

Fig. 2. RVD HA specifically contacts 5mC through a van der Waals interaction. (a) 2Fo-Fc electron density map (slate
blue mesh), contoured at 1.00, of the key site of the HA-5mC complex, where RVD HA and 5mC reside. (b) Structural
superimposition of all 11.5 repeats in the HA-5mC complex structure. All of the repeats can be superimposed with RMSDs
of 0.19—0.29 A overall 34 C,, atoms. Repeat 6, which contains RVD HA, is colored in red. 6His12 (6H 2, His12 of repeat 6)
is slightly farther from the conserved 6Ala8 when compared with His12 or Asn12 in other repeats. (c) Structural basis for
the recognition of 5mC by RVD HA. The side chain of His12 forms an H bond (red dashed line) with the conserved Ser11.
The side chain methyl group of Ala13 directly contacts the 5-methyl group of 5mC through a van der Waals interaction
(black dashed line). The distance between them is 3.35 A. (d) A comparison of 5mC recognized by HA (green stick model,
green cartoon) with previously reported NG-5mC (gray stick model, gray cartoon). The methyl groups of Ala13 or the C,
atoms of Gly13 contact the 5-methyl group of 5mC through a van der Waals interaction.
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In our previous study, we found that the affinity of
HA for 5mC is stronger than NG [42]. Thus, we
speculate that the van der Waals interaction
between the two methyl groups in HA-5mC is
stronger than that between C, and the methyl
group in NG-5mC, probably because of the shorter
distance between the two methyl groups in HA-5mC.
In addition to NG, N* was also used to detect 5mC,
and its affinity for 5mC is also weaker than HA
[37,38]. Based on the crystal structure, we speculate
that the RVD loop of N* is shorter due to the lack of
an amino acid, and thus the distance to the methyl
group of 5mC is too large to form an optimal van der
Waals interaction. This is consistent with observa-
tions from cellular assays that N* can also tolerate
5hmC [40]. Our previous study also revealed that the
affinity and specificity of NA for 5mC are similar to
HA, and it is reasonable considering that both Asn12
and His12 are involved in stabilizing the invariant
conformation of the RVD loop and the same Ala13
interacting with 5mC directly through van der Waals
interactions [42].

Degenerate RVD RG forms a distinct loop
conformation

The first residue of canonical RVDs, either His or
Asn, plays a highly conserved role in maintaining
invariant loop conformations. Here, we cocrystal-
lized TALEs containing the noncanonical degener-
ate RVD RG, in which the first residue was mutated
to Arg, with DNA duplex including 5mC or 5hmC
opposite RG (designated as RG-5mC and RG-
5hmC, respectively) for the first time. The structures
were refined to resolutions of 3.10 A and 3.09 A,
respectively (Table S1). Unlike HA-5mC, their unit
cells comprise four complexes (designated A, B, C,
and D), and the qualities of the electron density for
complexes A and B are significantly greater than
those of C and D (Figs. S2c, S3 and S4). For
complexes A and B, the electron density from repeat
1 through 11, particularly the key sites where RG and
the modified C reside, is clearly observed (Fig. 3a
and b).

The RG-containing repeats (repeat 6) and RVD
loop of RG-5mC and RG-5hmC exhibit almost
identical features and can be superimposed with
an RMSD of 0.153 A over all of the 34 C, atoms.
However, the loop conformation of RG is signifi-
cantly different from that of the HA in HA-5mC, with
an RMSD of approximately 1.15 A between HA-5mC
and RG-5mC or RG-5hmC over the three C,, atoms
(residues 12—14) that constitute the RVD loop
(Fig. 3c). The RG loop deviates from the DNA
major groove and shifts toward the 3’ end of the
DNA, and the corresponding DNA base pair shifts
toward the RVD (Fig. 3d and e).

Previous studies illustrated that the first amino acid
of RVD, either His12 or Asn12, does not contact with

DNA directly, but the side chain of His12 or Asn12
forms a direct H bond with the carbonyl oxygen atom
of the conserved Ala8 to stabilize the conformation of
the RVD loop [16,17]. However, in the case of RG,
the side chain amino group of Arg12 donates an H
bond to the phosphate group of the DNA duplex.
Furthermore, the main chain amino group of Arg12,
rather than its side chain, forms an H bond with
carbonyl oxygen atom of Ala8. Therefore, through
these two H-bond interactions, Arg12 supports the
formation of a more stable loop conformation, which
is distinct from those formed by His12 or Asn12. In
addition, the main chain carbonyl oxygen of the RVD
second residue Gly13 flips to the DNA major groove.
Meanwhile, the corresponding 5mC or 5hmC hor-
izontally shifts toward the DNA major groove
(Fig. 3d—g). As a result, the main chain carbonyl
oxygen of Gly13 forms van der Waals interactions
with the 5-methyl group of 5mC and the 5-hydroxyl
group of 5hmC, with distances of 4.10 A and 3.65 A,
respectively (Fig. 3f and g). Thereby, we speculate
that unmodified C cannot form van der Waals
interaction with the carbonyl oxygen of Gly13 due
to the lack of 5-methyl or 5-hydroxymethyl group,
and thus RG is able to discriminate 5mC and 5hmC
from C.

Universal RVD R* recognizes C, 5mC, and 5hmC
via water-mediated interactions

We further obtained structures of the TALE-DNA
complex, with the noncanonical universal RVD R*
(the asterisk represents the deletion of the second
residue of the RVD) opposite unmodified C, 5mC,
and 5hmC (designated as R*-C, R*-5mC, and R*-
5hmC, respectively). The structures were refined to
2.20 A, 2.49 A, and 3.03 A resolutions, respectively
(Table S2). For R*-C and R*-5mC, we observed two
complexes (designated A and B) in each asymmetric
unit (Fig. S2b). The electron densities from repeat 1
through 11, particularly the key sites where R* and C
or 5mC reside, are clearly observed (Fig. 4a and b).
In contrast, the R*-5hmC unit cell contains four
complexes (designated A, B, C, and D), similar to the
structures of RG-5mC/5hmC, the qualities of the
electron density of complexes A and B are greater
than those of C and D (Figs. S2d and S5), and the
electron densities of their key sites can be clearly
observed (Fig. 4c).

When superimposed, repeat 6 of R*-C, R*-5mC,
and R*-5hmC exhibit highly similar conformations,
with RMSDs of 0.14—0.31 A over all of the 34 C,
atoms (Fig. 4d). Because TALE RVDs are followed
immediately by two conserved glycine residues
(Gly14 and Gly15), R* is equivalent to RG except
Gly13 is missing. When we compared R*-5mC with
RG-5mC and HA-5mC, we found that the R* loop
conformation is similar to that of RG rather than that
of HA; however, the deletion of Gly13 results in a
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-5hmC

(f) (9)

Repeat 6
Repeat 6

RG-5mC RG-5hmC

-11dG

-11dG

Fig. 3. Degenerate RVD RG forms a distinct loop conformation. (a) and (b) 2Fo-Fc electron density maps (slate blue
mesh), contoured at 1.00, of the key sites of the RG-5mC (cyan stick model, cyan cartoon) and RG-5hmC (slate blue stick
model, slate blue cartoon) structures, where RVD RG and 5mC or 5hmC reside. (c) Structural superimposition of repeat 6
with RVD RG or HA. Repeat 6 of RG-5mC (cyan) and RG-5hmC (slate blue) exhibit similar structures and can be
superimposed with an RMSD of 0.153 A over all of the 34 C,, atoms, while their loop conformations differed significantly
when compared to HA (green). (d) and (e) Comparison of the repeat 6 and their corresponding DNA bases for RG-5mC,
RG-5hmC, and HA-5mC. The RG loops are shifted away from the DNA major groove and toward the 3’ end of the DNA,
and the corresponding DNA bases migrate to the RVD. (f) and (g) Structural basis for the recognition of 5mC and 5hmC by
RVD RG. The Arg12 residue forms two H bonds (red dashed lines) with Ala8 and the DNA duplex, and the carbonyl oxygen
of Gly13 forms a van der Waals interaction (black dashed line) with the 5-methyl group of 5mC or the 5-hydroxyl group of
5hmC.
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(a) (b)

R*-5hmC

Repeat 6
6G"

R*-5mC
11dG -11dG

R*-5hmC

Fig. 4. Universal RVD R* accommodates C, 5mC, and 5hmC via water-mediated interactions. (a)—(c) 2Fo-Fc electron
density maps (slate blue mesh), contoured at 1.0c, of the key sites of R*-C (yellow), R*-6mC (orange), and R*-5hmC
(salmon), water molecules shown as red spheres. (d) Structural superimposition of the repeat 6 and the corresponding
DNA bases of R*-C, R*-5mC, and R*-5hmC uncover highly similar conformations with RMSDs of 0.14—0.31 A. (e) and (f)
Comparison of repeat 6 and the corresponding DNA bases of R*-5mC with that of RG-5mC and HA-5mC. The loop
conformation and the corresponding DNA base location of R* are more similar to those of RG than of HA; however,
deletion of Gly13 results in a truncated RVD loop that extends less deeply into the DNA major groove. (g)—(i) Structural
basis for the recognition of C, 5mC, and 5hmC by RVD R*. The residue Arg12 of R* maintains a rather stable loop
conformation through a total of four H-bond interactions with DNA and related amino acids, and Gly13 (originally Gly14)
accommodates C, 5mC, or 5hmC through water-mediated interactions.

truncated RVD loop that extends less deeply into the
DNA major groove (Fig. 4e and f).

Similar to RG, in the case of R*-C, R*-5mC and R*-
5hmC, the main chain amino group of Arg12 forms
an H bond with the carbonyl oxygen atom of Ala8
and the side chain amino group of Arg12 contacts
the same phosphate group of the DNA duplex. In
addition, the Arg12 of R* forms two additional H

bonds with Ser11 (in repeat 7), Asn12 (in repeat 7),
or DNA duplex (Fig. 4g—i). In summary, Arg12 of R*
maintains a rather stable loop conformation through
a total of four H-bond interactions with DNA duplex
and related amino acids.

The truncated RVD loop of R* extends less deeply
into the DNA major groove, thus Gly13 (originally
Gly14) is located at a considerable distance (>5.5 A)
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from the corresponding C, 5mC, and 5hmC bases
and does not directly interact with them (Fig. 4g—i).
In the R*-C structure, the carbonyl oxygen of Arg12
points to the DNA major groove, and there are two
water molecules between Arg12 and C that form H
bonds with the carbonyl oxygen of Arg12 and the
amino group of C, respectively. Furthermore, an H
bond also exists between the two water molecules,
resulting in a water-mediated indirect interaction
between Arg12 and C. There is also a water
molecule between the carbonyl oxygen of Gly13
and the phosphate group of C, and it forms van der
Waals and H-bond interactions with them, respec-
tively, resulting in a water-mediated interaction
between Gly13 and the phosphate skeleton of C
(Fig. 4g). The case of R*-5mC is similar to R*-C;
however, there is no water-mediated H bond
between the carbonyl oxygen of Arg12 and the
amino group of 5mC (Fig. 4h). We speculate that the
5-methyl group of 5mC would possibly
introduce steric clash with the two water molecules

R*-5hmC
Q*-5hmC

presented in R*-C. Consistent with our hypothesis,
the two water molecules are also absent from R*-
5hmC possibly due to the presence of the 5-
hydroxymethyl group. Instead, the main chain
carbonyl oxygen of Gly13 interacts with the 5-
hydroxyl group of 5hmC through water-mediated H
bonds (Fig. 4i). In summary, Arg12 of R* maintains a
rather stable loop conformation through a total of four
H-bond interactions. Moreover, the truncated loop of
R* is located at a considerable distance from the
corresponding bases, allowing for flexible water-
mediated interactions with C, 5mC, and 5hmC.

RVD Q* recognizes 5hmC through water-
mediated H bonds

Previous screening identified 5hmC-selective
RVDs, although their affinities are relatively weak
[42]. We crystallized a TALE containing 5hmC-
specific RVD Q* in complex with 5hmC-containing
DNA (Q*-5hmC). The structure includes four

Repeat 7
5dT

Repeat 6

7dG

Q*-5hmC

Fig. 5. The RVD Q* recognizes 5hmC through water-mediated H bonds. (a) 2Fo-Fc electron density maps (slate blue
mesh), contoured at 1.00, of the key sites of Q*-C (light magenta), water molecules shown as red spheres. (b) and (c)
Structural superimposition of the repeats 6 and the corresponding DNA bases of Q*-5hmC, RG-5hmC, and R*-5hmC. The
loop conformation of Q* is similar to that of RG, except that the truncated loop of Q* is farther from the DNA major groove.
The Q* loop in Q*-5hmC and the R* loop in R*-5hmC, as well as the two 5hmC, are precisely superimposed. (d) Structural
basis for the recognition of 5hmC by RVD Q*. The amino groups of GIn12 form two H bonds with the carbonyl oxygen of
Ala8 and Gly13 interacts with the hydroxyl group of 5hmC via water-mediated H bonds.
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complexes (designated A, B, C, and D) and is finally
refined to 2.99 A resolution (Fig. S2d, Table S2).
Complexes A and B exhibit higher quality of electron
density (Fig. S6). The electron density of the key
sites where Q* and 5hmC reside is well defined
(Fig. 5a).

When comparing Q*-5hmC with RG-5hmC, we
found that the loop conformation of Q* is similar to
that of RG, except that the truncated loop of Q* is
further deviated from the DNA major groove due to
deletion of the 13th amino acid (Fig. 5b). Meanwhile,
the Q* loop in Q*-5hmC and the R* loop in R*-5hmC,
as well as the two 5hmC bases, are precisely
superimposed (Fig. 5c).

In contrast to Arg12 of R*, which forms a total of
four H bonds with DNA and TALE, the main chain
and side chain of GIn12 form two H bonds with the
carbonyl oxygen of Ala8. Therefore, the loop
conformation of Q* is less stable than that of R*
(Fig. 5d). Similar to R*-5hmC, the carbonyl oxygen of
Gly13 in Q*-5hmC interacts with the 5-hydroxyl
group of 5hmC through water-mediated H bonds
(Fig. 5d). Our previous cellular screening assay
indicated that the binding affinity of Q* for 5hmC is
outcompeted by R* [42], indicating that the first
residue of RVD also contributes to binding affinity by
forming a rather stable RVD loop conformation.

Discussion

Previous structural studies of TALE-DNA com-
plexes focused mainly on canonical RVDs and
revealed the first residue, either His12 or Asni2,
whose side chains form direct hydrogen bonds with
the carbonyl oxygen atom of the conserved Ala8,
thereby constraining highly similar RVD loop con-

formations [16,17,35]. In the case of HA, the first
residue of which is consistent with canonical RVDs,
our crystal structures demonstrate that the loop
conformation of HA is similar to that of canonical
RVD loops as predicted. While for degenerate RVD
RG, its first residue is mutated to noncanonical Arg
and the mutated residue Arg has a larger side chain
than canonical His or Asn. The structures show that
the loop conformation of RG differs significantly,
which deviates from the DNA major groove and
shifts toward the 3’ end of the DNA. For universal
RVD R* and 5hmC-specific RVD Q* their first
residues are still noncanonical; in addition, the
second residues are missing, creating the truncated
loops. The loop conformations of R* and Q* are
similar to that of RG, except that the truncated loops
of R* and Q* are further deviated from the DNA major
grooves (Fig. 6a and S7). Meanwhile, the DNA
bases corresponding to RVDs RG, R* and Q*
migrate to the RVDs (Fig. 6b). It is reasonable
considering that when His12 or Asn12 is substituted
with Arg12 or GIn12, the interactions with Ala8 are
formed via the main chain amino group instead of the
side chain. Hence, the loop conformations of RG, R*,
and Q* are similar and deviate from the DNA major
groove and meanwhile move toward the DNA 3’ end.
In summary, mutations of His12 or Asn12 to Arg12 or
GIn12 result in significant changes to RVD loop
conformations, which greatly enhances our under-
standing of the plasticity of the TALE RVD loops.
Structures of natural TALEs showed that only the
second residue of RVD directly interacts with the
DNA base, while the first residue merely serves to
stabilize the normal RVD loop conformation
[16,17,35]. However, subsequent studies that deci-
phered canonical and noncanonical TALE RVDs for
DNA recognition indicated that the first residue also

HA-5mC
RG-5mC
RG-5hmC

R*-56mC
R*-5hmC

Q*-5hmC

Fig. 6. Structural superimposition of the repeat 6 and the corresponding DNA bases of all the seven TALE-DNA
complex structures. (a) The loop conformation of HA is similar to that of normal RVD loops, while that of degenerate RVD
RG differs significantly, which deviates from the DNA major groove and shifts towards the 3’ end of the DNA. The loop
conformations of universal RVD R* and 5hmC-specific RVD Q* are similar to that of RG, except that the truncated loops of
R* and Q* are further deviated from the DNA major grooves due to deletion of the 13th amino acids. (b) The DNA bases

corresponding to RVDs RG, R*, and Q* migrate to the RVDs.
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modulates binding strength and specificity [6,7]. Our
structures here may interpret the molecular basis of
the observation. For degenerate RVD RG, besides
the H bond formed by the main chain, the side chain
of Arg12 forms an H bond with the phosphate group
of the DNA (Fig. 3f and g). Compared with RG, the
side chain of Arg12 in R* makes two additional H
bonds with adjacent amino acids (Fig. 4g—i), while in
Q*, the side chain of GIn12 forms only one H bond
with Ala8 (Fig. 5d). Therefore, R* possesses the
most stable loop conformation with Arg12 forming a
total of four H bonds with DNA and TALE. R* could
recognize C/5mC, although the interactions between
Gly13 and C/5mC are quite weak. Thus, we
hypothesize that the first residue of the RVD is also
involved in recognition by maintaining a rather stable
loop conformation to compensate for the weak direct
contact with DNA bases. Consistent with this
hypothesis, although RVDs Q* and R* sharing the
nearly identical loop conformation and the same
interaction manner with 5hmC base (Fig. 5c), the
binding affinity of Q* for 5hmC is weaker than that of
R* [42], probably because the loop conformation of
Q* is less stable due to the less side-chain-mediated
interactions. Furthermore, unlike R*, the labile loop
of Q* may be unable to compensate for the potential
weak direct interaction with C or 5mC. Therefore, Q*
is selective for 5hmC owing to their relatively
stronger direct interactions (Fig. 5d). Hence, our
structures containing noncanonical TALE RVDs
illustrate that the first residue of the RVDs con-
tributes to the binding affinity and specificity as well.

It has been demonstrated that the side chains of
His12 or Asn12 form a direct H bond with the
conserved Ala8, thereby constraining the RVD loop
[16,17]. However, in HA-5mC, the side chain of His12
forms an H bond to carbonyl oxygen of the conserved
Ser11 (in the next repeat), with a loop conformation
highly similar to that of normal RVDs. Furthermore, a
previously reported NG-5mC structure also displays
an H-bond interaction between the side chains of
Asn12 and Ser11 [35]. These structures demonstrate
that Ser11 is an excellent alternative to Ala8 and
interacts with His12 or Asn12 to maintain a normal
RVD loop conformation. This mechanism is of great
significance for Xanthomonas bacteria. When Ala8 is
mutated or deleted, Ser11 can act as a substitute to
interact with the first residue of RVDs, maintaining the
normal RVD loop conformations, thereby recognize
the corresponding DNA base, and ultimately achieve
infection of the host plant.

Unlike CRISPR-Cas9 that is insensitive to DNA
modifications, TALE-DNA interaction is modification
sensitive and thus provides the possibility for
modification-dependent applications. For instance,
novel 5mC-selective RVDs can be used to detect
5mC with higher resolution and sensitivity than 5mC
antibody [39]. Meanwhile, methylation-dependent
gene activation and genome editing can be achieved

using these novel RVDs [42]. Furthermore, mito-
chondria-targeted TALEN (mito-TALENS) is proved
to be an effective therapy for human mitochondrial
diseases [13,14]; the modification-sensitive charac-
teristic of TALEs enables its potential applications in
the treatment of mitochondrial diseases associated
with DNA modifications. Our crystals of TALE-DNA
complexes elucidated the structural basis of specific
recognition of 5mC and 5hmC by noncanonical
TALE RVDs and provided insights into the plasticity
of RVD loops. This enhances our understanding of
TALE-DNA interactions and may promote the
applications of TALEs in genetic manipulation and
future precision therapy.

Our TALE-DNA complex structures indicate that
some RVDs would probably recognize two other
cytosine modifications 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC). For instance, the truncated
loops of R* and Q* are located at considerable
distances from the corresponding C, 5mC, and 5hmC
bases; therefore, R* and Q* would probably also
tolerate and recognize 5fC and 5caC through some-
how water-mediated interactions. TALE RVDs recog-
nizing 5fC and 5caC remain to be screened by
biochemical experiments, and further crystal struc-
tures are needed to illustrate the molecular bases.

Our previous publication reveals that RVDs HA,
RG, R*, and Q* can also recognize thymine, which is
most similar to 5mC [42]. This has little effect on the
applications of TALE-based gene editing tools,
because these tools are sequence-specific, and
cytosine and modified cytosines can be differentiated
from thymine by sequencing. Just in case,
caution should be taken against DNA sequences
with identical flanking sequence but containing either
modified cytosines or T, although this possibility is
very small.

Materials and methods

DNA synthesis and purification

DNA oligonucleotides containing 5mC and 5hmC
were synthesized on an ABI Expedite 8909 nucleic
acid synthesizer. The modified nucleotides were
specifically incorporated at the desired positions
using commercially available phosphoramidites
(Glen Research). The DNAs were then deprotected
using standard methods recommended by Glen
Research manual. Purification was performed
using Glen-Pak DNA purification cartridges (Glen
Research) according to the manufacturer's instruc-
tions. Next, we performed urea-PAGE (polyacryla-
mide gel electrophoresis) to further improve DNA
purity. The purified DNAs were validated by matrix-
assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) (Figs. S8a
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and b). Normal DNA oligonucleotides were pur-
chased from Invitrogen. The ssDNA was annealed
with 1.2-fold molar amount of the antisense strand by
heating at 95 °C for 5 min and slow cooling to 4 °C
over a period of 8 h, to a final concentration of 1 mM.
The annealing buffer contained 10 mM Tris pH 7.5
and 100 mM NacCl.

Annealed modified dsDNA sequences:

5- TGTCCCTTCGCGTCTCT- 3'.

3'- ACAGGGAAGCGCAGAGA- 5.

The modified cytosine is underlined.

Protein expression and purification

Overexpression and purification of TALE proteins
were performed following previously published pro-
tocols [16]. All TALEs with amino acids 231—720 of
dHax3 [43] were subcloned into the pET21b vector
(Novagen). Mutations of these proteins to include the
desired RVDs were introduced using the Easy
Mutagenesis System (Transgen Biotech). Plasmids
encoding the engineered TALE proteins were
transformed into E. coli BL21 (DE3) competent
cells. Cells were grown at 37 °C and 220 rpm, and
protein expression was induced with 0.5 mM iso-
propy! B-D-thiogalactoside (IPTG) when the OD600
reached 0.8. Following induction, cells were grown
at 22 °C and 220 rpm for an additional 16 h. The cells
were harvested by centrifugation at 4 °C for 30 min at
3000 g and homogenized in buffer containing 25 mM
Tris-HCI pH 8.0 and 150 mM NaCl. We then
performed sonication to lyse the cells, the sonicator
probe was set to a frequency of 20 kHz, and the
sample was subjected to a total of 40 min of
sonication (sonication for 5 s with a 5 s interval
between each sonication) until the sample was clear.
After sonication, the cell lysis was centrifuged at 4 °C
for about 40 min at 12,000 rom. Thereafter, the
supernatant was applied to a Ni%"-nitrilotriacetate
affinity resin (HISTrap, GE Healthcare) (Buffer A:
10 mM Tris-HCI pH 8.0, 150 mM NaCl and Buffer B:
10 mM Tris-HCI pH 8.0, 150 mM NaCl and 500 mM
imidazole), a heparin column (GE Healthcare)
(Buffer A: 10 mM Tris-HCI pH 8.0, 100 mM NacCl
and Buffer B: 10 mM Tris-HCI pH 8.0, 1 M NaCl), and
finally, a HiLoad 16/600 Superdex 200 pg (GE
Healthcare) (Buffer GF: 25 mM MES pH 6.0, 50 mM
NaCl, 5 mM MgCl,, 10 mM DTT). The peak fractions
from gel filtration were collected and concentrated to
5 mg/ml, flash frozen in liquid nitrogen, and stored
at —80 °C. The molecular weight and purity of TALE
proteins were determined by SDS-PAGE (Fig. S8c).

Crystallization

Before crystallization, the 5 mg/ml TALE proteins
and 1 mM annealed dsDNA oligonucleotides were
mixed in a 1:1.5 M ratio and incubated at 4 °C for at
least 30 min. The TALE-DNA complex crystals were

grown at 18 °C by sitting-drop vapor diffusion in a
mother solution containing 8—10% PEG3350 (w/v),
10% ethanol, and 0.1 M MES pH 6.7 (TALE-DNA and
mother solution were mixed with 1: 1 vol ratio). The
crystals appeared within 1—2 days and grew to full
size over approximately a week (Fig. S8d). As the
initial diffractions of the crystals were not sufficient to
accurately assign side chains, we optimized by
dehydration. Crystal dehydration was performed by
a serial transfer of the protein crystal into dehydrating
solutions (50 ul), which are composed of the original
mother solution supplemented with increasing con-
centrations of the precipitant PEG400 (HA-5mC, R*-
C, and R*-5mC) or glycerine (RG-5mC, RG-5hmC,
R*-5hmC, and Q*-5hmC), beginning with 5% (v/v)
and increasing to 30%, in 5% increments. The
crystals were incubated for 5 min at 18 °C in each
condition. After dehydration, the crystals were har-
vested using fiber loops and stored in liquid nitrogen.

Data collection and structure determination

The TALE-DNA complex data sets were collected
at the SSRF (Shanghai Synchrotron Radiation
Facility, Shanghai) beamlines BL17U, BL18U1,
and BL19U1 with Mar CCD [44]. All collected data
sets were integrated and scaled with the HKL2000
and HKL3000 packages [45,46]. Further processing
was carried out with programs from the CCP4 suite
[47]. The initial models of the TALE-DNA complexes
were determined by molecular replacement with the
reported TALE-DNA complex structure (PDB acces-
sion code: 4GJP) as the original searching model
using the program PHASER [48]. The structure was
refined with WinCoot by building the remaining
models into the electron density map [49] followed
by refinement using Refmac5 using CCP4 [50]. All
structure figures were prepared with PyMOL [51]
using complex A of each structure except that RG-
5mC used complex B. Data collection and structural
refinement statistics are summarized in Tables S1
and S2.

Accession numbers

Atomic coordinates and structure factors
described in this work have been deposited in the
Protein Data Bank with accession codes 6JVZ (HA-
5mC), 6JW3 and 6JW4 (RG-5mC and RG-5hmC),
6JW0, 6JW1, and 6JW2 (R*-C, R*-5mC, and R*-
5hmC), and 6JW5 (Q*-5hmC).
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